SOME UNEXPLAINED METABOLIC ACTIONS OF PITUITARY HORMONES WITH A UNIFYING HYPOTHESIS CONCERNING THEIR SIGNIFICANCE#
The elucidation of the nature and actions of the adenohypophyseal hormones has been a challenging problem which has been yielding to attack only very slowly. It has been recognized for some time that there are several adenohypophyseal hormones at least one of which, growth hormone or somatotropin, has general systemic metabolic actions."7 All the others, corticotropin, thyrotropin, follicle-stimulating hormone, luteinizing hormone and prolectin or luteotropin, appear to have their actions primarily if not solely on specific target glands. Despite substantial progress in the morphological localization of the pituitary hormones and their chemical purification, we still know very little either about the exact chemical nature of these hormones as they are formed and exist in the gland, or about their properties as they are secreted into the bloodstream. At one time it was believed that all the pituitary hormones were protein in nature but in recent years it has been established that biological activity of at least one-ACTH-may be associated with a polypeptide molecule which is much smaller than was suspected.' However, it must be borne in mind that the mere fact that a polypeptide has biological activity does not necessarily imply that this is the molecular form in which the hormone is stored in the gland or is secreted. Nor can we even be certain that the biological activities reported for the purified hormones are necessarily those of the naturally secreted hormones. It must be appreciated that we are dealing with properties of very complex molecules and that the multiple biological activities of the different pituitary hormones probably depend on specific molecular configurations of peptide chains. The chemist might inadvertently alter these in his search for purity, thereby eliminating some biological activities or even endowing the molecule with new properties which nature did not intend it to have. In short, in our studies with pituitary hormones we need to keep an open mind and be prepared to meet surprises. We will find it best not to be too bound by preconceived notions as to what the pituitary hormones "ought to do."
In this lecture I propose to describe to you research which has been in progress in our laboratory for the past six years. It began with a very simple objective, that of elucidating the role of the adrenal cortex in ketone body metabolism, but it has led us into some unexpected areas relating to apparent common biological activities of several pituitary hormones. For some time an explanation for these unexpected metabolic actions of ACTH and other pituitary hormones has seemed to be beyond our grasp. Recently, however, new light has been shed on the problem largely through the opportunity of studying some relatively pure samples of corticotropin and fractions thereof. It is my purpose in this lecture to review some of this work and attempt to interpret it in terms of some speculative hypotheses concerning the action of pituitary hormones. The details of these studies will be published elsewhere."
The adrenal cortex and ketosis. Our studies began with a re-investigation of the role of the adrenal cortex in ketosis and were motivated by the fact that the newer knowledge of the pathways of fat synthesis and catabolism and of ketogenesis made it seem likely that a better understanding of adrenal cortex action might be established thereby.'9 I will not speak in detail of this work, much of which is published, 0 since it is not germane to our main topic, but will simply outline the salient features.
In injection of ACTH in the rat were made and it was very quickly established that if blood ketone levels were measured immediately after ACTH injection and before the usual adrenal cortical response, a brisk ketonemia could be demonstrated. In addition to the ketosis, there also was a significant fall in blood sugar, an unexpected response to ACTH.' We will return to this observation later. The antiketogenic response to cortisone (and hydrocortisone) and the ketogenic response to ACTH represented a paradox if we began with the premise that the metabolic actions of ACTH are mediated by the adrenal cortex unless (a) ACTH stimulates the secretion of some ketogenic steroid rather than hydrocortisone, since the latter has been shown to be antiketogenic, (b) the ACTH used was contaminated with some other pituitary factor which was ketogenic, or (c) ACTH has extra-adrenal metabolic actions.
Much time and effort were spent attempting to satisfy ourselves that the adrenal cortex was not the mediator of the ketogenic response to ACTH. The key experiment was the demonstration that ACTH has a ketogenic effect in the adrenalectomized rat.' Not only was ketosis demonstrable in the absence of the adrenals but again hypoglycemia was induced. Ketosis was demonstrated in both DOCA and the cortisone-maintained adrenalectomized rats. This experiment indicated clearly that the ACTH was itself responsible for the ketosis and hypoglycemia. This leads us to a consideration of the ketogenic and other metabolic activities of pituitary extracts and hormones.
The ketogenic and adipokinetic factor(s). As has been recently reviewed elsewhere,'"9 it has been known for a long time that alkaline extracts of the pituitary gland have the property of causing fatty livers, ketosis, and a lowering of the R.Q. The fat mobilizing activity was later dubbed the adipokinetic activity by Weil and Stetten." With the purification of growth hormone, attention was quickly directed to it to determine whether it was responsible for these metabolic activities. It was soon found that purified growth hormone did indeed have these and other activities which are summarized herewith. Growth hormone stimulates somatic growth as indicated by an increase in weight and length, and by the widening of the epiphyses of the long bones in the hypophysectomized rat. Chemically, growth is apparent in the production of a positive nitrogen balance9' and in an increased uptake of isotopically labelled amino acids and of S' and P8' by various tissues.
14,16, W, 47 In addition, a lowering of plasma amino nitrogen has been described"9 "'"' and Russell has shown that the conversion of infused amino acids to urea in the nephrectomized rat is decreased by growth hormone treatment. ," ' Figure 1 . did get a response with IRW at 0.040 mg. Triiodothyronine was inactive, suggesting, but not proving, that the ketogenic response was not due to thyroid stimulation.
In the case of corticotropin, many observations were made, some of which are already published.'8' Figure 3 shows some of the typical responses to the injection of oxycel purified corticotropin obtained from three different laboratories. Note that the minimal active dose is quite low in mg. (0.01-0.03 mg.) and that in general the magnitude of the response is greater than that observed with growth hormone. Note also that mild treatment of the ACTH with alkali did not abolish the ketogenic response, although more severe treatment by boiling in 0.1N NaOH did. We shall return to this observation later.
At the same time as we were conducting these studies, Astwood, Raben, Rosenberg, and Westermeyer were also investigating the metabolic actions of oxycel ACTH.1" 8 e'8 They reported that this material not only was ketogenic, but also had adipokinetic activity, produced hypoglycemia, lowered the R.Q., increased oxygen consumption, and increased cardiac glycogen, and that all these actions were demonstrable in the absence of the adrenal cortex. Furthermore, studies in our laboratory demonstrated an improved tolerance to intravenously infused glucose' and an increased conversion of octanoic acid to ketone bodies in the rat.' In short, the studies from the two laboratories described for oxycel ACTH just about all the metabolic activities previously attributed to growth hormone except growth itself.
If oxycel ACTH is indeed contaminated with growth hormone, which seemed unlikely as long as it had greater activity in producing ketosis than did growth hormone, it should be possible to demonstrate the characteristic response of growth hormone, namely, stimulation of growth. The conventional assay for growth hormone depends on the ability of the hormone to promote the widening of the tibial epiphysis in hypophysectomized rats.' In the presence of ACTH this assay is unsatisfactory because the glucocorticoids secreted in response to ACTH stimulation inhibit growth of the long bones at the epiphyses. Hence the assays must be done in hypophysectomizedadrenalectomized rats. This is a difficult and tedious procedure. Re was quite comparable to that of an active Wilhelmi growth hormone.* It was difficult to believe that oxycel ACTH had such a great degree of contamination with growth hormone, but at the time the experiment was carried out this conclusion seemed inescapable.' Nevertheless, we found this interpretation so difficult to accept that we initiated a series of studies designed to establish whether the ketogenic activities of ACTH, growth hormone, and TSH represented common or independent properties of the three hormones. The urgency of this is apparent when we compare in Table 1 the common activities of the three hormones which have been demonstrated so far.
The activities of growth hormone and ACTH are now pretty well established; those of TSH are on a less firm basis. All three hormones have been reported to increase the basal oxygen consumption.' In the case of TSH, this action is mediated by the thyroid. Growth hormone and TSH both will widen the tibial epiphysis of hypophysectomized rats, but the latter does so by virtue of the stimulating effect of thyroid hormone.' ACTH, of course, inhibits growth at the tibial epiphysis because of the anti-anabolic action of the corticoids. All three hormones have been found to lower plasma amino nitrogen levels,""" 8' 49' although the mechanism and significance of this response remains to be established. Oxycel ACTH and growth hormone will induce N-retention in the nephrectomized rat infused with amino acids. Protein ACTH, however, is inactive." TSH has not (Fig. 5 ), but frequently did abolish these activities in STH and TSH.9""£148 The mild alkali treatment did not destroy the ascorbic acid-depleting activity of the ACTH but more prolonged or vigorous treatment resulted in loss of both ketogenic and adrenal ascorbic acid-depleting activity (Figs. 3, 5 ). In addition, it was found by Russell' that the mild alkali treatment of oxycel ACTH did not eliminate the N-retaining action of the hormone, but it did destroy this activity in growth hormone. Thyrotropic activity was not tested after alkali treatment. Finally, there was the accidental and unex- Fig. 3 ). Ketogenic activity of growth hormone B168-GH and 17ASllOX was lost, whereas the Li growth hormone and B111-60 resisted alkali treatment. TSH lost ketogenic activity.
plained finding that the ketogenic activity of ACTH was 25-300 fold greater in rats anesthetized with Nembutal, chloral hydrate, or phenobarbital than in unanesthetized rats (Fig. 6) , whereas the ketogenic potency of STH and TSH were of the same general order irrespective of whether anesthesia was used or not. Since the Nembutal itself stimulates fasting ketosis, we are inclined to believe that this observation means that ACTH acts at a different locus in metabolism than do the other hormones which stimulate ketosis. While these various findings are indecisive and subject to a variety of explanations, we feel that they favor the concept that the metabolic activities in question are intrinsic properties of each of the hormones. Stronger support for this interpretation with relation to ACTH was derived from studies with peptide corticotropins and fractions thereof.
The ketogenic activities of purified corticotropins. Recently the opportunity was presented to us to test purified corticotropins through the generosity of Dr. 7 shows the activity of four such specimens compared to the original oxycel ACTH. Note that oxycel ACTH, the al a2 pooi and the y pool all had high activity, while the BP3 and the 8-1 fractions had little or no activity at the highest dose we could test. At the time this study was done we had no idea what these samples represented. Only after Dr. Bell's studies on the chemistry of corticotropin were completed and sent to us could we interpret the data. Figure 8 presents a flow diagram illustrating the derivation of the samples studied and three activities that have been recorded; ACTH activity by the adrenal ascorbic acid depletion technique, melanocytestimulating hormone activity and ketogenic activity. The first two activities were assayed in Dr. Bell major puzzle in the last decade has been the regular association of MSH activity with ACTH, an association which led some to suggest that ACTH and MSH were identical.'7' 27, 41, 68, 7 5353, " However, in recent years it has been possible to obtain MSH free of ACTH. As will be seen in the flow diagram and from data to be presented shortly, it now seems apparent that ACTH does have some MSH activity itself, independently of the true melanocyte-stimulating hormone. The significance of this will become apparent shortly. The starting material in the fractionation was oxycellulose-adsorbed ACTH. This material had ACTH activity of approximately 100 USP units/mg., MSH activity, and was ketogenic at a dose of 0.020 mg. (Fig. 8) . By countercurrent distribution, this was separated into a fast moving fraction T6-10 accounting for 80 per cent of the weight, 90 per cent of the ACTH activity, and 10 per cent of the MSH activity and a slow moving fraction with the remaining activity, i.e., 10 per cent ACTH and 90 per cent MSH, (B1-5). The rapidly moving fraction was further divided into four main fractions, as indicated on the flow diagram. Of these the al -a2 pool was tested by us and found to be ketogenic at a dose of 0.010 mg. Its ACTH and MSH activities were reported to be the same as (Fig. 7) . Of Ho@PbeGlu-Leu-Pro-Phe-4AaGlu-Ala-Leu.Glu-Asp.Glu-Ala-Gly-Ap and much increased MSHI activity. It is believed that f8-MSH may be an important constituent of this fraction. From these data it is apparent that ketogenic activity still exists in what must be quite pure ACTH polypeptides prepared under conditions in which it is extremely unlikely that there could be significant contamination with other pituitary hormones.
These studies also indicate some dissociation between the structure and function of different corticotropin peptides which is made more apparent in Figure 9 which diagrams the structures of 8-MSH as established by Harris and Roos' and later by Geschwind et al." ' and that of fl-corti-cotropin as characterized by Bell and his collaborators.4""',' 8-MSH is a polypeptide with 18 amino acids and has in common with f8-corticotropin a sequence of seven amino acids as well as two others close by. It seems altogether likely, as suggested by those who determined this structure, that this sharing of amino acids accounts for the MSH activity of the corticotropins, which has been such a puzzle in the past.* fl-corticotropin consists of 39 amino acids with serine as the N-terminal group and phenylalanine as the carboxyl terminal group. This structure is essentially the same, but for minor differences, as the corticotropin peptides characterized by others as corticotropin A and a-corticotropin.""'8 8 Moreover, it would appear that the a and y pools are made up of other peptides with structures similar to but not identical with that of /8-corticotropin. In short, there appears to be a family of corticotropin peptides with minor structural differences but similar activities.
In Figure 9 I have attempted to correlate certain information concerning activity and structure. /8-MSH has no corticotropic activity but has, of course, strong melanophore-stimulating activity. (A sample of Geschwind and Li's ,B-MSH has been found to be devoid of ketogenic activity.') Bell's 8-1 fraction, which is presumably rich in MSH, had no ketogenic activity in a dose 10 times that which was active in the a and y pools of ACTH. Mild alkali treatment did not abolish either ketogenic activity or adrenal ascorbic activity. a dissociation has already been noted for MSH and ACTH activities following alkali treatment of ACTH. The finding that the pepsin digest peptide had little or no ketogenic activity led us to wonder whether ketogenic activity might reside in the portion of the molecule which is destroyed by pepsin. We were fortunate to obtain from Dr. Bell a small amount of a chymotrypsin digestion product of 8-corticotropin, designated C-10 and comprising the peptide chain from 15-37. This material was known to have no ACTH or MSH activity. On testing, it was found to be devoid of ketogenic activity also.
These studies with essentially pure ACTH peptides leave little doubt that the ketogenic as well as probably the other metabolic activities described for oxycel corticotropin must be native to the corticotropin molecule and as such demand explanation. A number of attempts have been made to localize ACTH action to one or another locus of action in steroidogenesis, " 7"' but these interpretations do not seem entirely satisfactory in view of the diverse actions of ACTH which have been recorded. Any concept of ACTH action must reconcile stimulation of growth of the gland (protein anabolism), neutral fat, and cholesterol depletion, ascorbic acid depletion, glycogen loss,' increased carbohydrate utilization and oxidation"'42-' and C19 and C21 steroidogenesis. Figure 10 la At the moment we can visualize no single mechanism of action of ACTH which would account for all these responses unless it be one involving the reorganization and realignment of the subcellular components of the cell making for a new level of cellular activity.
Irrespective of what might be the mechanism of action of ACTH on the adrenal cortex, it is obvious that many of the metabolic reactions just described are analogous to those reported as extra-adrenal activities of ACTH. On the basis of such analogies, a speculative hypothesis is proposed and diagrammed in Figure 11 .
It is suggested that under physiological conditions ACTH secreted by the adenohypophysis acts primarily, if not exclusively, on the adrenal cortex, either because (a) this gland has a much greater sensitivity to the hormone or (b) because the gland fixes the hormone specifically, or perhaps (c) because the hormone is secreted as a protein and the adrenal has the most active specific enzyme system necessary to convert ACTH protein to the active peptide. When =--j in the rat (even though the dose was as little as 0.010 mg.), or possibly when it is secreted in excess, as after adrenalectomy, it may exert actions on extra-adrenal tissues. Thus, ACTH stimulates oxygen consumption and P32 uptake-' -in the adrenal cortex and reputedly also increases 02 consumption in the adrenalectomized animal.' ACTH stimulates protein anabolism in the adrenal cortex and we have presented evidence that it may, under special circumstances, have an action on extra-adrenal tissues which is identical with one caused by growth hormone. The increase in carbohydrate utilization in the adrenal cortex finds its analogy in the induction of hypoglycemia, increased glucose tolerance, and enhanced cardiac muscle glycogen. The fat "mobilization" and probable fat catabolism in the adrenal cortex are reminiscent of the adipokinetic activity, the increased oxidation of octanoic acid,' and the R.Q. depression.* The adrenal cortex converts acetate to steroids. In the liver, acetate is probably converted primarily to acetoacetate under the extra-adrenal influence of ACTH. Acetoacetyl-CoA is considered as a precursor of steroids,' but the liver has an active deacylase which favors release of free acetoacetate into the bloodstream and hence ketosis develops.""9 Finally, key steps in the synthesis of corticoids are those of 11, 17, and 21 hydroxylations which have been shown to involve actual transfer of oxygen.'M It is of more than passing interest that the first step in melaninogenesis, the conversion of tyrosine to DOPA, involves an identical type of oxygen transfer.' It is tempting to speculate that the increase in pigmentation in Addison's disease may be based on a perverted action of ACTH resulting in a stimulation of melanin synthesis in the skin instead of corticosteroidogenesis. It is interesting to note in passing that many of the above reactions attributed to the actions of ACTH on extra-adrenal tissues would be neutralized by the action of hydrocortisone and hence would not be anticipated to be operative except in the absence of the adrenals or immediately after a very large dose of ACTH in the intact animal and before the biological actions of the secreted steroids would be manifest.** *Recent, unpublished observations show that both growth hormone and oxycel ACTH will lower the fat content of the testicular fat pad of the fasted mouse and will increase the glycogen content of the dorsal brown fat pad of the fed rat. Adrenalectomized animals will stimulate the release of free fatty acids from adipose tissue in vitro. ** In this regard the recent report of Teodorum' is of interest. This investigator has found a difference in the response of brown adipose tissue of hamsters to cortisone and "stress" both with respect to its metabolism and its response to poliomyelitis virus. He suggests that the initial "stress" response is due to ACTH and can be reproduced with exogenous ACTH while the opposite later reaction to stress is influenced by corticoids and can be mimicked by cortisone treatment. If these observations can be confirmed, they would represent the first example of a presumed extra-adrenal tissue and metabolic response to endogenous ACTH.
The above formulation is, of course, highly speculative and is intended primarily to serve as a stimulus for future investigation. Most of the suggestions made are subject to experimental verification and a number are currently under investigation in this laboratory. Moreover, although most of the experimental work has been directed to corticotropin, the concept that this hormone's specific metabolic stimulating activity may be expressed on tissues other than its target gland would seem applicable to other pituitary tropic hormones. In final analysis, they are all "growth and metabolic" hormones for their target glands, and in this respect it should not be surprising that they share some activities in common with the systemic growth hormone, STH, since each gland, in addition to its specific activities, has general metabolic activities comparable to those of other tissues.
TSH has been studied in greatest detail and we have already described certain actions in common with ACTH and STH, but the basis for these actions is less readily discernible. TSH has a well-known extrathyroidal action on connective tissue and the orbit in myxedema and presumably in thyrotropic ophthalmopathy. Since thyroid colloid and myxedema protein contain the same amino sugars,' one might speculate that the accumulation of hyaluronic acid in the orbit and elsewhere in myxedema and thyrotropic ophthalmopathy represents a perverted extrathyroidal action of TSH similar to that which we postulated for the action of ACTH in skin pigmentation in Addison's disease.* Prolactin, which is an anabolic hormone for the breast, also has some actions in common with STH.'5 It is intriguing that prolactin is reported to increase the width of the tibial epiphysis of the hypophysectomized male rat but not the female.' Does the male animal have less "target" tissue for prolactin to act upon? Diligent search will undoubtedly uncover other examples of common actions of pituitary hormones.
In conclusion, I would like to emphasize again that the elucidation of some of the extra-adrenal actions of ACTH may depend on the fact that the chemists have made available active peptides which might elicit some of these actions more readily than a native protein hormone. In addition, these studies with the biologically active corticotropin peptides indicate that we are on the threshold of a whole new field in endocrinology, the correlation between hormone action and peptide structure. We can now envision the possibility of tailoring peptide molecules to yield specific * This suggestion is made less attractive by the recent demonstration by Gabrilove and Ludwig"b that mucopolysaccharide accumulates in the skin in both primary and secondary (pituitary) myxedema and in each case can be eliminated by thyroid treatment. metabolic activities. It is not at all unreasonable, for example, to envisage the possibility of deriving from ACTH, or even synthesizing, a peptide which has growth activity but not steroidogenic activity. The future holds much promise in this new field.
